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PASSIVE CAPACITIVELY-COUPLED
ELECTROSTATIC (CCE) PROBE METHOD
FOR DETECTING PLASMA INSTABILITIES
IN A PLASMA PROCESSING CHAMBER

PRIORITY CLAIM

This divisional application claims priority under 37 CFR
1.53(b) of and claims the benefit under 35 U.S.C. §120 to a
commonly assigned patent application entitled “PASSIVE
CAPACITIVELY-COUPLED ELECTROSTATIC (CCE)
PROBE ARRANGEMENT FOR DETECTING PLASMA
INSTABILITIES IN A PLASMA PROCESSING CHAM-
BER”, application Ser. No. 12/498,950 filed on Jul. 7, 2009
now U.S. Pat. No. 8,179,152, which claims priority under 35
U.S.C. §119(e) to a commonly assigned provisional patent
application entitled “Passive Capacitively-Coupled Electro-
static (CCE) Probe Arrangement For Detecting Plasma Insta-
bilities in a Plasma Processing Chamber,” by Booth et al.,
Application Ser. No. 61/078,747, filed on Jul. 7, 2008, which
is incorporated by reference herein.

BACKGROUND OF THE INVENTION

During the processing of a substrate in the plasma process-
ing chamber, satisfactory results often require tight control of
the process parameters. This is particularly true for processes
such as deposition, etching, cleaning, etc., that, are employed
to manufacture modern high density integrated circuits.
When the processing parameters (such as bias voltage, RF
power, ion flux, plasma density, pressure, etc.) exceed a nar-
row, pre-defined window, a process excursion is said to have
occurred. These process excursions represent undesirable
events that often lead to undesirable processing results (e.g.,
poor etch profile, low selectivity, etc.). Accordingly, the
detection, characterization, and avoidance of process excur-
sions are important tasks for process engineers in the manu-
facture of integrated circuits.

Detecting, process excursions is often performed via moni-
toring of various process parameters. Some process param-
eters (such as bias voltage, reflected power, etc.) may be
measured directly while others may be inferred from mea-
sured parameters.

Plasma instability faults often caused by, for example, tran-
sitions and ground delivery faults, represent a type of process
excursion that has the potential to decrease yield, damage the
substrate and/or damage the chamber components. Further-
more, unconfined plasma occurrences, which tend to nega-
tively impact yield and tend to shorten the expected lifetime
of chamber components, are often preceded by plasma insta-
bilities.

Accordingly, the detection of plasma instabilities is impor-
tant for the purpose of diagnostic and recipe adjustment in
order to improve process results and process yield, as well as
to avoid damage to the substrate and/or the chamber compo-
nents.

BRIEF SUMMARY OF THE INVENTION

The invention relates, in an embodiment, to an arrange-
ment for detecting plasma instability within a processing
chamber of a plasma processing system during substrate pro-
cessing. The arrangement includes a probe arrangement,
wherein the probe arrangement is disposed on a surface of the
processing chamber and is configured to measure at least one
plasma processing parameter. The probe arrangement
includes a plasma-facing sensor and a measuring capacitor,
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2

wherein the plasma-facing sensor is coupled to a first plate of
the measuring capacitor. The arrangement also includes a
detection arrangement, which is coupled to a second plate of
the measuring capacitor. The defection arrangement is con-
figured to convert an induced current flowing through the
measuring capacitor into a set of digital signals, the set of
digital signals being processed to detect the plasma instabil-
ity.

The above summary relates to only one of the many
embodiments of the invention disclosed herein and is not
intended to limit the scope of the invention, which is set forth
in the claims herein. These and other features of the present
invention will be described in more detail below in the
detailed description of the invention and in conjunction with
the following figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example, and
not by way of limitation, in die figures of the accompanying
drawings and in which like reference numerals refer to similar
elements and in which:

FIG. 1 shows, in accordance with an embodiment of the
present invention, a plasma instability event detection
arrangement employing a passive CCE probe architecture.

Alternatively or additionally, as shown in FIG. 2, a voltage
measurement device may be coupled to the plate of the mea-
suring capacitor that is also coupled to the probe head.

FIGS. 3A and 3B show, in accordance with an embodiment
of'the invention, a plot of the oscillation patterns indicative of
some plasma instability events.

FIGS. 4A and 4B show, in accordance with an embodiment
of'the invention, a plot of the oscillation patterns indicative of
plasma instability before and leading up to a plasma uncon-
finement event.

FIG. 5 of the DISCUSSION shows a simple schematic
diagram of a portion of a plasma system with a radio fre-
quency (RF) source capacitively-coupled to a reactor cham-
ber to produce plasma.

FIG. 6 of the DISCUSSION shows a graph of voltage
versus time after a RF charge.

FIG. 7 of the DISCUSSION shows a graph of current data
collected after a RF charge.

FIG. 8 of the DISCUSSION shows a simple current versus
voltage graph for a single time interval between a RF burst.

FIG. 9 of the DISCUSSION shows, in an embodiment of
the invention, a simple flow chart illustrating the overall steps
for automatically characterizing plasma during substrate pro-
cessing.

FIG. 10 of the DISCUSSION shows, in an embodiment of
the invention, a simple algorithm for determining the rel-
evancy range and the seed values.

FIG. 11 of the DISCUSSION shows an example of current
versus time after a RF burst.

FIG. 12 of the DISCUSSION shows an example of voltage
versus time after a RF burst.

FIG. 13 of the DISCUSSION shows an example of art
inflection point.

FIG. 14 of the DISCUSSION shows an example of a curve-
fitting applied to a current versus voltage graph.

DETAILED DESCRIPTION OF EMBODIMENTS

The present invention will now be described in detail with
reference to a few embodiments thereof as illustrated in the
accompanying drawings. In the following description,
numerous specific details are set forth in order to provide a
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thorough understanding of the present invention. It will be
apparent, however, to one skilled in the art, that the present
invention may be practiced without some or all of these spe-
cific details. In other instances, well known process steps
and/or structures have not been described in detail in order to
not unnecessarily obscure the present invention.

Embodiments of the invention relate to the use of a capaci-
tively-coupled electrostatic (CCE) probe arrangement or a
subset thereof to detect plasma instability events. By way of
background, CCE probes have long been employed to mea-
sure plasma processing parameters such as ion flux, electron
temperature, floating potential, thin film, thickness, etc. CCE
probes are known in the art, and details may be obtained from
publicly available literature, including for example U.S. Pat.
No. 5,936,413 entitled “Method And Device For Measuring
An Jon Flow In A Plasma” (Aug. 10, 1999), which is incor-
porated herein by reference. CCE probes offer many advan-
tages, including for example improved detection sensitivity,
minimal perturbation to tire plasma due to the small size of
the sensor, ease of mounting on the chamber wall, insensitiv-
ity to polymer deposition, on the sensor head, etc. Further-
more, the plasma-facing surface of the sensor can often be
made of the same material as that of the surrounding chamber
wall, thereby further minimizing perturbation to the plasma.
These advantages make CCE probes highly desirable for use
in sensing process parameters.

Generally speaking, a CCE probe arrangement involves a
plasma-facing sensor connected to one plate of a measuring
capacitor. The other plate of the measuring capacitor is
coupled to an RF voltage source. The RF voltage source
periodically supplies RF oscillation trains, and measurements
are performed across the measuring capacitor to determine
the rate of capacitor current discharge immediately following
the end of each RF oscillation train. Details pertaining to the
CCE probe arrangement and CCE probe operation are dis-
cussed in the aforementioned U.S. Pat. No. 5,936,413 and
will not be further discussed herein.

However, CCE probes have, up to now, been employed to
measure parameters such as ion flux, electron temperature,
floating potential measurements, etc. Furthermore, CCE
probes traditionally perform measurements by charging up
the measuring capacitor with the RF voltage source and mea-
suring the capacitor decay current in between RF oscillation
trains. There has not been an attempt, up to now, of adapting
the CCE probe arrangement or a subset thereof to measure
plasma instability events.

In accordance with one or more embodiments of the
present invention, an innovative passive CCE probe arrange-
ment is proposed to enable the detection of plasma instability
event. Although the CCE probe arrangement in accordance
with embodiments of the invention is passive, examples and
discussions will be provided herein to enable plasma insta-
bility event detection even if the CCE arrangement is actively
excited by an external RF voltage source (as was done in the
prior art to measure the decay current across the measuring
capacitor in between oscillation trains). Thus, in one or more
embodiments, the measurement is performed passively in
that the measuring capacitor is not required to be charged up
using an external RF voltage source as was done in traditional
CCE probe arrangements.

It is realized by the inventors herein that when the probe
surface is at floating potential, the net current between the
probe and the plasma is zero. In other words, although there
may be fluxes of electrons and positive ions to the probe from
the plasma, the net charge exchanged between the probe head
and the plasma is zero, resulting in a zero net current. How-
ever, if the potential difference between the probe head and
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4

the plasma changes, the current equilibrium is momentarily
disturbed, resulting in a momentary non-zero induced current
that flows through the measuring capacitor. The potential
difference between the probe head and the plasma may
change if, for example, the potential of the plasma is changed.
A plasma instability event is such an event that has the capa-
bility of changing the plasma potential. By detecting this
momentary non-zero induced current through the measuring
capacitor, plasma instability events may be detected.

The inventors herein also realized that it is possible to
eliminate the need for the RF excitation source of the tradi-
tional CCE probe architecture in the detection of plasma
instability events. Instead, monitoring may be performed pas-
sively by monitoring the induced current through the measur-
ing capacitor, which induced current is created by the plasma
instability event. In this manner, the architecture of the pas-
sive CCE probe may differ and may be much simpler than the
prior art CCE probe architecture.

Furthermore, the detection algorithm and strategies may
also be different in terms of pattern detection and timing. In
general terms, a library of plasma instability “signature” sig-
nals is first acquired. For example, a process engineer may
force a specific instability event to occur while processing a
test substrate. The current that flows through the monitoring
capacitor is monitored. Any oscillation or perturbation in the
current signal is monitored and recorded. The recorded signal
may be thought of as a signature for the specific instability
event that occurred. Different types of plasma instability may
be generated in order to create the library of plasma instability
“signature” signals. During subsequent production process-
ing on a production substrate, the current across the measur-
ing capacitor is monitored. If the current monitored matches
a stored plasma instability signature signal, the instability
associated with that stored signal may be ascertained.

By ascertaining the plasma instability, process engineers
can make adjustment to chamber parameters in order to bring
the chamber parameters into compliance. Some plasma insta-
bilities, as mentioned, precede a more serious and damaging
event, such as plasma unconfinement. By detecting plasma
instability early, process engineers can become more effec-
tive and proactive in dealing with chamber faults, thereby
minimizing or at least reducing the possibility of serious
system damage.

The features and advantages of embodiments of the present
invention may be better understood with reference to the
figures and discussions that follow. FIG. 1 shows, in accor-
dance with an embodiment of the present invention, a plasma
instability event detection arrangement employing a passive
CCE probe architecture. Chamber 102 is conventional and is
employed to generate a plasma 104 therein for substrate pro-
cessing purposes. In the example of FIG. 1, plasma 104 is
generated and sustained by an RF source 106 (which is not
employed to excite the CCE probe arrangement in the
example of FIG. 1). A probe head 110 is disposed in the upper
electrode although probe head 110 may also be disposed
elsewhere on the chamber wall. Probe head 110 may repre-
senta conventional CCE probe head, for example. Probe head
110 is connected in series with one plate of a measuring
capacitor 112. The other plate of measuring capacitor 112 is
coupled to a detection arrangement 120.

As mentioned, a probe head made of a conductive material
is installed in a surface of the chamber. A short RF train is
applied to the probe, causing the capacitor (Cm) to charge up
and the surface of the probe to acquire a negative potential
(several tens of volts negative with respect to ground). Fol-
lowing the end of the RF pulse, the potential of the probe
decays back to the floating potential as Cm discharges. The
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rate at which the potential changes is determined by the
plasma characteristics. During this discharge, the potential of
the probe Vfis measured with a voltage measurement device,
and the current following to the probe and through capacitor
Cm is measured with a current measurement device. The
curves V(t) and I(t) are used to construct a current-voltage
characteristic, VI, which is then analyzed by a signal proces-
sor. A model function is fitted to these data points, producing
estimates of the floating potential V1, ion saturation current
Isat and electron temperature Te. Further details may be found
in a co-pending application entitled “Methods for Automati-
cally Characterizing a Plasma”, filed Jun. 26, 2008 in the US
Patent Office (Application No. 61/075,948) and filed Jun. 2,
2009 in the US Patent Office (application Ser. No. 12/477,
007), which is included in the DISCUSSION herein.

In another embodiment, the monitoring by the CCE probe
may be performed passively without requiring external RF
excitation of the measurement capacitor via an external RF
source.

In the example of FIG. 1, detection arrangement 120 is
configured to convert the induced current flowing through
measuring capacitor 112 into a digital signal for analysis.
Thus, there is a current-to-voltage converter 130, which is
configured for converting the induced current flowing
through measuring capacitor 112 into an analog voltage. An
analog-to-digital converter 132 converts the analog voltage
signal from current-to-voltage converter 130 into a digital
signal, which is then provided to a signal processor 108.
Signal processor 108 may represent the hardware and/or soft-
ware employed to perform signal processing on the digital
signal to detect the high frequency perturbations characteris-
tics of plasma instability events.

The exact perturbations may vary from chamber to cham-
ber and may vary depending on plasma instability event
types. Irrespective, these perturbations tend to result in a
unique signal signature in the sensor signal. The perturbations
may be periodic or may be chaotic. By comparing the sensor
signal to a library of plasma instability signature signals,
plasma instability events may be detected. The detection of
the plasma instability events may then be furnished to a tool
control circuit 140 to facilitate corrective actions, including
for example changing process parameters and/or shutting
down the plasma processing system to prevent further dam-
age.

Alternatively or additionally, as shown in FIG. 2, a voltage
measurement device 202 may be coupled to the plate 204 of
the measuring capacitor that is also coupled to the probe head
206. The voltage measurement device 202 is employed to
detect perturbations in the potential of the probe head. Again,
the voltage measurement may be analyzed for high frequency
perturbation patterns representative of plasma instability
events. If desired, the voltage measurements may be con-
verted to a digital signal for signal processing purposes in
order to detect, using digital analysis techniques, the high
frequency perturbations in the probe voltage.

Alternatively or additionally, a transformer may be
coupled to the plate of the capacitor that is not coupled to the
probe head to facilitate the detection of the perturbation in the
current that flows through the measuring capacitor. One
skilled in the art will readily appreciate that other techniques
for detecting high frequency transients in the current signal or
voltage signal also exist and may well be employed to facili-
tate the detection of plasma instability events.

Note that since the plasma instability event detection
depends on the detection of specific patterns in the sensor
signal, it is possible to implement a dual-function CCE probe
whereby the measuring capacitor is also charged by the peri-
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odic RF pulse trains as is done in conventional CCE probe
arrangements. For example, it is possible to perform this
detection (on either the induced current or the potential of the
probe head) during the time when the RF excitation pulses are
not applied to the measurement capacitor. For example, it is
possible to perform this detection either in the time period
between adjacent excitation RF oscillation trains when the
probe head is at a relatively steady floating potential or when
the capacitor is discharging because the instability signals
tend to be of a higher frequency than the relatively slow
discharge rate of the measuring capacitor. As can be appreci-
ated by one skilled in the art from the foregoing discussion,
the detection in the induced current signal or the voltage
signal of specific patterns may be performed with or without
the external RF excitation of the measuring capacitor.

FIGS. 3A and 3B show, in accordance with an embodiment
of'the invention, a plot of the oscillation patterns indicative of
some plasma instability events. Trace 302 tracks the induced
current through the measuring capacitor during plasma pro-
cessing. FIG. 3B shows an amplified view of a portion 304 of
trace 302. In FIG. 3B, it is seen that the sensor current signal
is periodic at about 4 KHz and has a double-peak shape. A
comparison with a library of plasma instability signals reveal
that the sensor current signal exhibits characteristics associ-
ated with plasma instability, and furthermore, the instability
is associated with a high chamber pressure. Indeed, the cham-
ber pressure is about 750 mTorr during the experiment. In this
manner, plasma instability may be detected and classified,
enabling the process engineer and/or the tool control com-
puter to respond more rapidly and efficiently.

FIGS. 4A and 4B show, in accordance with an embodiment
of'the invention, a plot of the oscillation patterns indicative of
plasma instability before and leading up to a plasma uncon-
finement event. Trace 402 tracks the ion saturation current
during plasma processing. FIG. 4B shows an amplified view
of a portion 404 of trace 402. In FIG. 4A, it is seen that the
sensor current signal oscillates at about 260 Hz roughly 1.5
seconds before the unconfinement event. The unconfinement
event itself starts at point 410 in FIG. 4A (reference number
412 in FIG. 4B).

As can be seen in FIG. 4A, the sensor current signal prior
to the unconfinement event (prior to point 410 in FIG. 4) has
a characteristic oscillation at a specific frequency range. By
comparing the sensor current signal with a library of plasma
instability signature signals, this pattern can be correlated
with a stored plasma instability signature signal representa-
tive of plasma instability prior to a plasma unconfinement
event. By ascertaining that the plasma is experiencing the
type of instability that typically leads up to an unconfined
plasma event, the tool control computer or a human operator
may be able to take corrective action (such as changing pro-
cessing parameters or simply shutting down the tool) to avoid
suffering the damage that a plasma unconfinement event
would cause to the substrate and/or the chamber components.

In contrast to prior art plasma instability detection tech-
niques, such as measuring the voltage and/or forward RF
power and/or reflected RF power on the ESC chuck, the
inventive passive CCE probe-based plasma instability detec-
tion technique is highly sensitive. Additionally, there is mini-
mal perturbation to the plasma since the CCE probe head
tends to be small, to be installed flushed with the surrounding
plasma-facing structures of the plasma processing chamber,
and may have a plasma-facing probe surface formed of the
same material as that of the plasma-facing components of the
chamber. Furthermore, the inventive passive CCE probe-
based plasma instability detection technique is insensitive to
polymer deposition on the plasma-facing probe head since
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the current is capacitively coupled through any deposition
that may be formed on the plasma.

While this invention has been described in terms of several
preferred embodiments, there are alterations, permutations,
and equivalents, which fall within the scope of this invention.
It should also be noted that there are many alternative ways of
implementing the methods and apparatuses of the present
invention. Although various examples are provided herein, it
is intended that these examples be illustrative and not limiting
with respect to the invention.

Also, the title and summary are provided herein for conve-
nience and should not be used to construe the scope of the
claims herein. Further, the abstract is written in a highly
abbreviated form and is provided herein for convenience and
thus should not be employed to construe or limit the overall
invention, which is expressed in the claims. If the term “set”
is employed herein, such term is intended to have its com-
monly understood mathematical meaning to cover zero, one,
or more than one member. Also, it is intended that the follow-
ing appended claims be interpreted as including all such
alterations, permutations, and equivalents as fall within the
true spirit and scope of the present invention.

The DISCUSSION is also found in a co-pending applica-
tion entitled “Methods for Automatically Characterizing a
Plasma”, filed Jun. 26, 2008 in the US Patent Office (Appli-
cation No. 61/075,948) and filed Jun. 2, 2009 in the US Patent
Office (application Ser. No. 12/477,007) and are incorporated
by reference herein.

Discussion of Methods for Automatically Characterizing a
Plasma

Advances in plasma processing have provided for growth
in the semiconductor industry. To supply chips for a typical
electronic product, hundreds or thousands of substrates (such
as semiconductor wafers) may be processed. In order for the
manufacturing company to be competitive, the manufactur-
ing company needs to be able to process the substrates into
quality semiconductor devices with minimal processing time.

Typically, during plasma processing, problems may arise
that may cause the substrates to be negatively impacted. One
important factor that may alter the quality of the substrate
being processed is the plasma itself. In order to have sufficient
data to analyze the plasma, sensors may be employed to
collect processing data about each substrate. The data col-
lected may be analyzed in order to determine the cause of the
problems.

To facilitate discussion, FIG. 5 shows a simple schematic
diagram of a data collecting probe in a portion of a plasma
system A-100. Plasma system A-100 may include a radio
frequency (RF) source A-102, such as a pulsating RF fre-
quency generator, capacitively-coupled to a reactor chamber
A-104 to produce plasma A-106. When RF source A-102 is
turn on, a bias voltage is developed across an external capaci-
tor A-108, which may be about 26.2 nanofarads (nF). In an
example, RF source A-102 may provide a small burst of
power (e.g., 11.5 megahertz) every few milliseconds (e.g.,
about five milliseconds) causing external capacitor A-108 to
be charged. When RF source A-102 is turned off, a bias
voltage remains on external capacitor A-108 with a polarity
such that probe A-110 is biased to collect ions. As the bias
voltage decays, the curves as shown in FIGS. 6, 7, and 8 may
be traced.

Those skilled in the art are aware that probe A-110 is
usually an electrical probe with a conducting planar surface
that may be positioned against the wall of reactor chamber
A-104. Probe A-110 is thus directly exposed to reactor cham-
ber A-104 environment. Current and voltage data collected by
probe A-110 may be analyzed. Since certain recipe may cause
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a non-conducting deposition layer A-116 to be deposited on
probe A-110, not all probes may be able to collect reliable
measurements. However, those skilled in the art are aware
that a PIF (planar ion flux) probe enables data to be collected
despite the non-conducting deposition layer since the PIF
probe scheme is not required to draw a direct current (DC) to
implement a measurement.

The current and voltage signal in plasma system A-100 is
measured by other sensors. In example, when RF source
A-102 is switched off, current sensor A-112 and a high
impedance voltage sensor A-114, are employed to measure
the current and the voltage, respectively. The measurement
data collected from current sensor A-112 and voltage sensor
A-114 may then be plotted to create a current graph and a
voltage graph. The data may be manually plotted or the data
may be entered into a software program to create the graphs.

FIG. 6 shows a graph of voltage versus time after a RF
charge cycle. Atdata point B1-202, RF source A-102 has been
switched off after an RF charge has been provided (i.e., RF
burst). In this example, at data point B1-202, the voltage
across probe A-110 is about negative 57 volts. As plasma
system A-100 returns to a rest state (interval between data
points B1-204 and B1-206), the voltage usually reaches a
floating voltage potential. In this example, the floating volt-
age potential rises from about negative 57 volts to about zero
volt. However, the floating voltage potential does not have to
be zero and may be a negative or a positive bias voltage
potential.

Similarly, FIG. 7 shows a graph of current data collected
after a RF charge. At data point B2-252, RF source A-102 has
been switched off after an RF charge has been provided.
During a decay period B2-254, the return current at external
capacitor A-108 may be discharged. In an example, at full
charge (data point B2-252), the current is about 0.86 mA/cm?.
However, when the current is fully discharged (data point
B2-256), the current has returned to zero. Based on the graph,
the discharge takes about 75 milliseconds. From data point
B2-256 to data point B2-258, the capacitor remains dis-
charged.

Since both the current data and the voltage data are col-
lected over a period of time, a current versus voltage graph
may be generated by coordinating the time in order to elimi-
nate the time variable. In other words, the current data col-
lected may be matched against the voltage data collected. Fig.
C shows a simple current versus voltage graph for a single
time interval between a RF burst. At data point C-302, RF
source A-102 has been switched off after an RF charge has
been provided.

By applying a non-linear fit to the data collected during
each RF burst, plasma A-106 may be characterized. In other
words, parameters (e.g. lon saturation, ion saturation slope,
electron temperature, floating voltage potential, and the like)
that may characterize plasma A-106 may be determined.
Although plasma A-106 may be characterized with the data
collected, the process of calculating the parameters is a
tedious manual process that requires human intervention. In
an example, when the data has been collected after each RF
burst (i.e., when the RF charge has been provided and then
turned off), the data may be fed into a software analysis
program. The software analysis program may perform a non-
linear fit to determine the parameters that may characterize
the plasma. By characterizing the plasma, the engineer may
be able to determine how a recipe may be adjusted in order to
minimize substandard processing of the substrates.

Unfortunately, the prior art method of analyzing the data
for each RF burst may require several seconds or as much as
several minutes to complete. Since there are typically thou-
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sands, if not millions of RF bursts to analyze, the total time for
characterizing the plasma for a recipe may take hours to
calculate. As a result, the prior art method is not an effective
method in providing timely relevant data for process control
purposes.

The present invention will now be described in detail with
reference to a few embodiments thereof as illustrated in the
accompanying drawings. In the following description,
numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be
apparent, however, to one skilled in the art, that the present
invention may be practiced without some or all of these spe-
cific details. In other instances, well known process steps
and/or structures have not been described in detail in order to
not unnecessarily obscure the present invention.

Various embodiments are described herein below, includ-
ing methods and techniques. It should be kept in mind that the
invention might also cover articles of manufacture that
includes a computer readable medium on which computer-
readable instructions for carrying out embodiments of the
inventive technique are stored. The computer readable
medium may include, for example, semiconductor, magnetic,
opto-magnetic, optical, or other forms of computer readable
medium for storing computer readable code. Further, the
invention may also cover apparatuses for practicing embodi-
ments of the invention. Such apparatus may include circuits,
dedicated and/or programmable, to carry out tasks pertaining
to embodiments of the invention. Examples of such apparatus
include a general-purpose computer and/or a dedicated com-
puting device when appropriately programmed and may
include a combination of a computer/computing device and
dedicated/programmable circuits adapted for the various
tasks pertaining to embodiments of the invention.

As aforementioned, the PIF probe method may be
employed to collect data about the plasma that may be posi-
tioned within the reactor chamber environment. Data col-
lected from a sensor (e.g., PIF probe) may be employed to
characterize the plasma in the reactor chamber. Additionally,
since the sensor employs a collection surface as shown in Fig.
A, data about the chamber surface may also be determined. In
the prior art, the data collected by the PSD probe provides a
ready source of data that is available for analysis. Unfortu-
nately, the sheer volume of data that may be collected has
made analyzing the data in a timely manner a challenge. Since
thousands or even millions of data points may be collected,
the task of identifying the relevant interval in order to accu-
rately characterize a plasma may be a daunting task, espe-
cially since the data is usually being analyzed manually. As a
result, the data collected has not been useful in providing the
plasma processing system with a timely characterization of
the plasma.

However, if relevant data points that are needed in order to
characterize a plasma are identified from the thousands/mil-
lions of data points that may be collected, then the time
required to characterize a plasma may be significantly
reduced. In accordance with embodiments of the invention, a
method is provided for automatically characterizing plasma
in a relatively short time period. Embodiments of the inven-
tion described herein provide for an algorithm for identifying
the relevancy range in order to reduce the data points that may
need to be analyzed in order to characterize a plasma. As
discussed herein, the relevancy range refers to a smaller set of
data points from the thousands or millions of data points that
may be gathered between each RF burst. Embodiments of the
invention further provide for estimating seed values that may
be applied to a mathematical model that calculates the values
for characterizing a plasma. By performing curve-fitting to
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the relevancy range, parameters that may be employed to
characterize a plasma may be calculated.

The features and advantages of the present invention may
be better understood with reference to the figures and discus-
sions that follow.

FIG. 9 shows, in an embodiment of the invention, a simple
flow chart illustrating the steps for automatically character-
izing plasma during substrate processing. Consider the situ-
ation wherein, an RF charge has been provided during sub-
strate processing.

At afirst step D-402, current and voltage data are collected.
In an example, after the RF source has been turned on, an RF
charge (pulse) is provided. After the RF charge has been turn
off a current sensor and a voltage sensor may be employed to
collect data at a probe, such as a planar ion flux probe, which
may be mounted to a chamber wall of the reactor chamber. As
aforementioned, the number of data points that may be col-
lected by the sensors may range in the thousands or millions.
In some cases, thousands to ten of thousands of data points
may be collected between each RF burst making near-real-
time analysis in the prior art nearly impossible.

In the prior art, several hours may be allotted for analyzing
the measurement data that is collected during semiconductor
substrate processing. In one aspect of the invention, the inven-
tors herein realized that the measurement data between each
RF burst does not have to be analyzed in order to characterize
a plasma. Instead, if curve-fitting is applied to a relevancy
range of the data set parameters that may be employed to
characterize the plasma may be determined.

At a next step D-404, a relevancy range is determined. As
aforementioned, the relevancy range refers to a subset of the
data set that has been collected between each RF burst. In the
prior art, since the data is being manually analyzed, the sheer
volume of the data collected make calculating the relevancy
range a challenging task. In many instances, the relevancy
range may be visually estimated. In identifying the relevancy
range, noises that may exist may be substantially eliminated
from the subset of data set. In an example, during complex
substrate processing, a polymer buildup may occur on the
probe, causing a portion of the data collected to be skewed.
For example, the portion of the data that may be impacted
tends to be the data that may be collected once the capacitor
has been fully discharged. In identifying the relevancy range,
data associated with the polymer buildup may be removed
from the analysis. In other words, the determination of the
relevancy range may enable plasma characterisation to occur
without being subject to random noises. Discussion about
how a relevancy range may be determined, for an example, is
provided later in the discussion of FIG. 10.

In addition to identifying the relevancy range, the seed
values may also be determined, at a next step D-406. As
discussed herein, the seed values refer to the estimated value
of the slope, the electron temperature, the ion saturation
value, the floating voltage potential, and the like. Discussion
about how the seed values may be estimated, for example, is
provided in the discussion of FIG. 10.

The relevance range and the seed values are utilized to
perform curve-fitting. Since curve-fitting has to be performed
before the next RF burst, the methods employed to determine
the relevancy range and/or seed values have to utilize mini-
mum overhead and produce values that are close to the final fit
values, thereby reducing number of curve-fitting iterations
that may be required in order to achieve a rapid convergence.

With the relevancy range and the seed values, at a next step
D-408, anon-linear fit (e.g., curve-fitting) may be performed,
thereby enabling the plasma to be characterized within a
shorter time period without requiring an expensive high-end
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computer. Unlike the prior art, the method allows for results
from a decay interval due to a single RF burst to be charac-
terised in approximately 20 milliseconds instead of requiring
a few minutes or even a few hours to process. With near-
realtime analysis capability, the method may be applied as
part of an automatic control system to provide the engineer
with relevant data during plasma processing.

FIG. 10 shows, in an embodiment of the invention, a simple
algorithm for determining the relevancy range and the seed
values. FIG. 10 will be discussed in relation to FIGS. 11, 12,
13, and 14.

At a first step E-502, the data collected during each RF
burst is automatically plotted. In an example, the current data
that may be collected by the current sensor is plotted into a
current versus time graph F1-600, such as the one shown in
FIG. 11. In another example, the voltage data collected may
be plotted into a voltage versus time graph F2-650, as shown
in FIG. 12. Although the data may produce similar graphs as
the prior art, unlike the prior art, the data collected is auto-
matically fed into the analysis program without requiring
human intervention. Alternatively, the measurement data col-
lected does not have to be plotted. Instead, the data may be fed
directly into the analysis program. Instead, the graphs are
provided as visual examples to explain the algorithm.

Unlike the prior art, the entire data set is not analyzed in
order to characterize a plasma. Instead, a relevancy range is
determined. To determine the relevancy range, a percentage
decay point may first be determined, at a next step E-504. As
discussed herein, the percentage decay point refers to the data
point at which the original value has decayed to a certain
percentage of the original value. In an embodiment, the per-
centage decay point may represent the end of the data interval
to be analyzed. In an example, when the RF source is
switched off, the current value is about 0.86 mA/cm>. The
value is represented by a data point F1-602 on graph F1-600
of FIG. 11, if the percentage decay point is set to ten percent
of the original value, the percent decay point is at data point
F1-604, which is about 0.086 mA/cm?. In other words, the
percentage decay point may be determined by applying a
pre-defined percentage to the original value, which is value of
the electrical charge when the RF source is switched off and
the system is returning to an equilibrium state. In an embodi-
ment, the percentage is empirically determined. In an
embodiment, instead of employing a percentage decay point
to determine the end of the data interval, the peak of a first
derivative of the data collected for each RF burst may be
calculated.

At a next step E-506, the algorithm may determine the ion
saturation interval, which is the data subset between the origi-
nal value and a second decay point. As discussed herein, the
ion saturation interval refers to the region of the current-
voltage (IV) curve at which the probe potential is sufficiently
negative with respect to the floating potential such that the
electron flux to the probe is negligible. In this region the
current to the probe increases slowly and linearly with
increasingly negative potential. In addition, the ion saturation
interval is the regime at which the bias voltage is sufficiently
negative with respect to the floating potential such that the
probe will collect all the available ions in the system. In other
words, the collected current “saturates” as the bias voltage is
raised sufficiently high. Also, as discussed herein, the “avail-
able ions” refers to the flux of ions impinging upon the sheath
boundary, which may enlarge as the bias voltage is further
increased.

In other words, the ion saturation interval is the interval
from data points F1-602 and F1-606 of FIG. 11. In an embodi-
ment, the second decay point may be determined by taking a
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percentage of the original value (i.e., data point F1-602). In an
example, if the second decay point is about 95 percent of the
original value, the second decay point is about 0.81 mA/cm>
(i.e., data point F1-606). Hence, the ion saturation interval is
from the original value (data point F1-602) to the second
decay point (data point F1-606). Note that the second decay
point is between the original value (data point F1-602) and the
percentage decay point (data point F1-604). Similar to the
percentage decay point, the second decay point may also be
based on a pre-defined threshold, in an embodiment. In an
embodiment, the percentage is empirically determined.

Once the ion saturation interval has been determined, at a
next step E-508, the slope (s) and the ion saturation (i,) may
be estimated. As aforementioned, the slope (s) and the ion
saturation (i) are two of the four seed values that may be
applied to a mathematical model (Equation 2 below) to deter-
mine the parameters that characterize a plasma. In an
example, the slope (s) may be determined by performing
linear regression. In another embodiment, the algorithm may
also determine the ion saturation (i,) by taking the average of
the data values between data points F1-602 and F1-606.

At a next step E-510, the algorithm may determine the
inflection point, which is the point at which the first derivative
changes sign. In an embodiment, the inflection point may be
calculated by identifying the minimal value of the first deriva-
tive of the current values between the percentage decay point
and the second decay point. To illustrate, FIG. 13 shows the
first derivative of the values between a percentage decay point
(F3-664) and an original point (F3-662) of a current signal
F3-660. The inflection point is the minimal data point of the
first derivative (F3-670), which has a value of —0.012 mA/cm?
and an index value of 226 (as shown by data point F3-666). To
determine the inflection value, the index value is mapped to
current signal plot F3-660. In this example, when the index
value of die first derivative is mapped to current signal
F3-660, the inflection value is 0.4714 mA/cm?, as shown by
data point F3-668.

In an embodiment, the relevancy range is defined as the
range between the original value and the inflection point.
Additionally or alternatively, a percent decay threshold may
be set (e.g. at 35 percent) instead of calculating the inflection
point. In an example, using the percent decay point of 35
percent which may be empirically determined, the relevancy
range may fall between points F1-602 and F1-604 of FIG. 11.

Ineas(1)
dt
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TABLE 1

Parameters defined

Parameters Variable name

I Current measured
Voltage measured
Current time

. Electron temperature
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<

meas

e

With the inflection point identified, the electron tempera-
ture may be estimated, at a next step E-512. The electron
temperature may be estimated by employing Equation 1
above. The current and voltage data utilized to calculate the
electron temperature is within the transition interval, which is
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usually when a probe is drawing less current than the ion
saturation current. In an embodiment, the time at which the
current and voltage data is measured may correspond with the
inflection point. Alternatively, the inflection point of the cur-
rent-voltage (I-V) curve may also be employed. Since the
electron temperature is a ratio of a first derivative (as deter-
mined in calculating the percentage decay point) of the data
collected for an RF burst at a time corresponding to the
inflection point on the current-voltage curve, the computa-
tional overhead that may be required to generate the number
is minimal.

At a next step E-514, the algorithm may determine the
floating voltage potential. Since the floating voltage potential
is determined based on the voltage data collected, the floating
voltage potential may be determined without first having to
determine the values as calculated in steps E-504-E-512.
Those skilled in the art are aware that floating voltage poten-
tial is the electrical potential at which the probe floats after the
external capacitor has fully discharged. Typically, the float-
ing-voltage potential may be determined by looking at the
signal that occurs right before the nest RF burst. However, due
to the possibility of polymer buildup causing distortion, erro-
neous data (i.e., noise) may be collected; thus, the floating
voltage potential may be calculated by averaging the voltage
values collected toward the end of the collection period. In an
embodiment, the floating voltage potential may be calculated
from data point F2-652 (the data point at which the voltage
first reaches its floating potential) to data point F2-654 (the
data point just right before the next RF burst), as shown in
FIG. 12. In another embodiment, the floating voltage poten-
tial may be based on the voltage values within a window
F2-656, which is located between data points F2-652 and
F2-654, as shown in FIG. 12. In an embodiment, window
F2-656 may be of any size as long as the window begins
before the prior pulse has decayed more than 99 percent and
ends when the next pulse begins. In one embodiment, the
floating voltage potential, may be determined from a window
that provides an average value with a low standard deviation
(error).

As can be appreciated from the foregoing, the methods for
determining the relevancy range and the seed values account
for anomalies that may occur in the current, voltage and/or
current-voltage (I-V) curves. In an example, polymer buildup
may occur at the end of an RF burst. However, by applying the
aforementioned algorithms, the relevancy range and the seed
values are impervious to unexpected artifacts that may occur
during processing.

Once the relevancy range has been determined and the seed
values have been calculated, at a next step E-516, the current
values may be plotted against the voltage values and curve-
fitting may be applied to generate graph F4-680 of FIG. 14. In
an example, a non-linear curve fit, such as Levenberg-Mar-
quardt algorithm, may be applied to perform the curve-fitting.
By generating a curve-fitting graph and applying the seed
values to the mathematical model, such as Equation 2 below,
the four parameters that may be employed to characterize the
plasma may be determined.

[Equation 2]
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TABLE 2

Parameters defined

Parameters Variable name
Current
I Ton saturation
S Slope
\' Voltage
Ve Floating voltage potential
T. Electron temperature

As can be appreciated from one or more embodiments of
the present invention, an automated method for characteriz-
ing plasma during plasma processing is provided. By deter-
mining a relevancy range and a set of seed values, plasma
characterization may occur without having to process thou-
sands or millions of data points that are usually collected after
a single RF burst. The automated method transforms a previ-
ously tedious and manual process into an automatic task that
may be performed quickly and efficiently. With data analysis
significantly shortened from a few minutes (or even a few
hours) to a few milliseconds, plasma characterization may be
performed during plasma processing instead of being a post-
production process. Thus, relevant data may provide insights
into the current plasma environment, thereby enabling recipe
and/or tool adjustment to occur and waste to be minimized.

While this invention has been described in terms of several
preferred embodiments, there are alterations, permutations,
and equivalents, which fall within the scope of this invention.
It should also be noted that there are many alternative ways of
implementing the methods and apparatuses of the present
invention. Although various examples are provided herein, it
is intended that these examples be illustrative and not limiting
with respect to the invention.

Also, the title and summary are provided herein for conve-
nience and should not be used to construe the scope of the
claims herein. Further, the abstract is written in a highly
abbreviated form and is provided herein for convenience and
thus should not be employed to construe or limit the overall
invention, which is expressed in the claims. If the term “set”
is employed herein, such term is intended to have its com-
monly understood mathematical meaning to cover zero, one,
or more than one member. Also, it is intended that the follow-
ing appended claims be interpreted as including all such
alterations, permutations, and equivalents as fall within the
true spirit and scope of the present invention.

What is claimed is:

1. A method for detecting plasma instability within a pro-
cessing chamber of a plasma processing system during sub-
strate processing, comprising:

collecting a set of process data including a set of induced

current signals, wherein the set of induced current sig-
nals corresponds to current induced to flow through a
measuring capacitor by plasma within the processing
chamber, and wherein a first plate of the measuring
capacitor is connected to a plasma-facing sensor and the
induced current signals are measured at a second plate of
the measuring capacitor;

converting said set of induced current signals into a set of

analog voltage signals;

converting said set of analog voltage signals into a set of

digital signals; and

analyzing said set of digital signals to detect high fre-

quency perturbations, said high frequency perturbations
indicating said plasma instability.
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2. The method of claim 1 further including comparing rate
of change of said current signals to a pre-defined threshold,
wherein said plasma instability exists if said rate of change is
outside of said pre-defined threshold.

3. The method of claim 1 further including collecting volt-
age measurement data from the plasma-facing sensor to
determine potential change during processing.

4. The method of claim 3 further including converting said
voltage measurement data into a set of digital signals.

5. The method of claim 4 farther including analyzing said
set of digital signals to detect said high frequency perturba-
tions, wherein said high frequency perturbations indicating
said plasma instability.

6. The method of claim 5 further including comparing rate
of change of said voltage signals to a pre-defined threshold,
wherein said plasma instability exists if said rate of change is
outside of said pre-defined threshold.

7. The method of claim 1 wherein said set of induced
current signals is collected when no RF signal is applied to
either said measuring capacitor or to a plasma-facing probe
that is in electrical communication with a plate of said mea-
suring capacitor.

8. The method of claim 1 further including applying a set of
periodic radio frequency (RF) pulse trains to said measuring
capacitor, wherein said set of induced current signals is col-
lected in between two adjacent RF pulse trains.

9. A method for detecting plasma instability within a pro-
cessing chamber of a plasma processing system during sub-
strate processing, comprising:

collecting a set of process data, said process data including

a set of induced current signals flowing through a mea-
suring capacitor;
converting said set of induced current signals into a set of
analog voltage signals; converting said set of analog
voltage signals into a set of digital signals; and

analyzing said set of digital signals to detect high fre-
quency perturbations, said high frequency perturbations
indicating said plasma instability;

comparing rate of change of said current signals to a pre-

defined threshold, wherein said plasma instability exists
if said rate of change is outside of said pre-defined
threshold; and

sending a message to a tool controller circuit when said

plasma instability is detected, said tool control circuit is
configured to apply correction actions to fix said plasma
instability.

10. A method for detecting plasma instability within a
processing chamber of a plasma processing system during
substrate processing, comprising:

collecting a set of process data, said process data including

a set of induced current signals flowing through a mea-
suring capacitor;
converting said set of induced current signals into a set of
analog voltage signals; converting said set of analog
voltage signals into a set of digital signals; and

analyzing said set of digital signals to detect high fre-
quency perturbations, said high frequency perturbations
indicating said plasma instability; and

applying a set of periodic radio frequency (RF) pulse trains

to said measuring capacitor and measuring current
decay signals of said measuring capacitor.

11. The method of claim 10 further including applying an
arc detection algorithm to detect said high frequency pertur-
bations above a pre-determined threshold on said current
decay signals.

12. The method of claim 11 further including comparing
rate of change of said current decay signals to a pre-defined
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threshold, wherein said plasma instability exists if said rate of
change is outside of said pre-defined threshold.

13. A method for detecting plasma instability within a
processing chamber of a plasma processing system during
substrate processing, comprising:

providing a plasma-facing probe;

providing a measuring capacitor, whereby a first plate of

said measuring capacitor is in electrical communication
with said plasma-facing probe;

collecting a set of process data, said process data including

a set of current signals induced, by plasma within the
processing chamber to flow, through said measuring
capacitor, wherein said set of induced current signals is
passively generated in that said set of induced current
signals is not caused by a previous or contemporaneous
application of an RF signal from an external RF source
to said measuring capacitor;

converting said set of induced current signals into a set of

analog voltage signals;

converting said set of analog voltage signals into a set of

digital signals; and

analyzing said set of digital signals to detect high fre-

quency perturbations, said high frequency perturbations
indicating said plasma instability.

14. The method of claim 13 further including comparing
rate of change of said current signals to a pre-defined thresh-
old, wherein said plasma instability exists if said rate of
change is outside of said pre-defined threshold.

15. The method of claim 13 further including collecting
voltage measurement data from a plasma-facing sensor to
determine potential change during processing.

16. The method of claim 15 further including converting
said voltage measurement data into a set of digital signals.

17. The method of claim 16 further including analyzing
said set of digital signals to detect said high frequency per-
turbations, wherein said high frequency perturbations indi-
cating said plasma instability.

18. The method of claim 17 further including comparing
rate of change of said voltage signals to a pre-defined thresh-
old, wherein said plasma instability exists if said rate of
change is outside of said pre-defined threshold.

19. The method of claim 16 further comprising comparing
said set of digital signals with a library of digital signal
signatures to ascertain whether a plasma instability event
exists.

20. A method for detecting plasma instability within a
processing chamber of a plasma processing system during
substrate processing, comprising:

providing a plasma-facing probe;

providing a measuring capacitor, whereby one plate of said

measuring capacitor is in electrical, communication
with said plasma-feeing probe;

collecting a set of process data, said process data including

a set of induced current signals flowing through said
measuring capacitor, wherein said set of induced current
signals is passively generated in that said set of induced
current signals is not caused by a previous or contem-
poraneous application of an RF signal from an external
RF source to said measuring capacitor;

converting said set of induced current signals into a set of

analog voltage signals;

converting said set of analog voltage signals into a set of

digital signals;

analyzing said set of digital signals to detect high fre-

quency perturbations, said high frequency perturbations
indicating said plasma instability; and
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sending a message to a tool controller circuit when said
plasma instability is detected, said tool control circuit is
configured to apply correction actions to fix said plasma
instability.



